ABSTRACT: Parasitic reactions of electrolyte and polysulfide with the Li-anode in lithium sulfur (Li−S) batteries lead to the formation of solid-electrolyte interphase (SEI) layers, which are the major reason behind severe capacity fading in these systems. Despite numerous studies, the evolution mechanism of the SEI layer and specific roles of polysulfides and other electrolyte components are still unclear. We report an in situ Xray photoelectron spectroscopy (XPS) and chemical imaging analysis combined with ab initio molecular dynamics (AIMD) computational modeling to gain fundamental understanding regarding the evolution of SEI layers on Li-anodes within Li−S batteries. A multimodal approach involving AIMD modeling and in situ XPS characterization uniquely reveals the chemical identity and distribution of active participants in parasitic reactions as well as the SEI layer evolution mechanism. The SEI layer evolution has three major stages: the formation of a primary composite mixture phase involving stable lithium compounds (Li 2 S, LiF, Li 2 O, etc.) and formation of a secondary matrix type phase due to cross interaction between reaction products and electrolyte components, which is followed by a highly dynamic monoanionic polysulfide (i.e., LiS 5 ) fouling process. These new molecular-level insights into the SEI layer evolution on Li-anodes are crucial for delineating effective strategies for the development of Li−S batteries.
■ INTRODUCTION
The lithium−sulfur (Li−S) battery is a promising candidate for next generation energy storage due to its high theoretical specific capacity (1675 mA.h.g ) and up to 5-fold increase in energy density (2567 W·h·kg 1− ) as compared to state-of-the-art lithium-ion batteries (LIBs). 1−5 However, there are critical challenges to overcome to realize the commercialization of Li− S batteries (LSBs). One of the most demanding challenges is effectively protecting the Li-metal anode from parasitic reactions that cause insulating solid-electrolyte interphase (SEI) layer formation, which seriously limits the capacity retention and life cycles. 6−9 Parasitic chemistry at the Li-metal anode is typically a combination of redox, decomposition, substitution, and coordination reactions depending on the choice of electrochemistry and electrolyte materials. For example, in the Li−S electrochemical system, the elemental sulfur cathode (S 8 ) is reduced to Li 2 S through multiple intermediate lithium polysulfide species (Li 2 S x ; x ≤ 8) during the discharge process. 3 The longer chain lithium polysulfide species (Li 2 S x ; x ≥ 6) are highly soluble in electrolyte solvents and can diffuse to the Li-anode, causing complex redox and/or complexation reactions. Although molecular level details of polysulfide reactions with Li-metal are still unknown, it is hypothesized that polysulfides reduce to insoluble Li 2 S and Li 2 S 2 species with subsequent SEI layer formation. 10, 11 In addition to the polysulfides, highly reactive transient species arising from decomposition of electrolyte components (such as solvents and counteranions) can also be part of parasitic chemical reactions leading to subsequent SEI layer evolution. 12, 13 This parasitic chemistry involving many complex reactions and transient molecules creates the chemically and topographically inhomogeneous SEI layer on the active Lianode surfaces. Such a sporadic fouling process can increase the interfacial resistance for Li + ion diffusion due to the thick deposits of insulating and insoluble species on Li-anodes. 2 In order to limit the complex parasitic reactions at Li-anodes and improve the performance of LSBs, it is important to unravel the mechanisms of parasitic chemistry and subsequent SEI layer formation. In particular, gaining a real time perspective of the SEI layer evolution is both critical and extremely challenging, as many of its constituents and originating reactions are transient and highly air-sensitive in nature. 14 Few experimental techniques are capable of probing the SEI layer formation, and ab initio based computational modeling was recognized as an efficient and convenient tool for analyzing the SEI layer formation. 15−18 Despite the technical challenges in building in situ spectroscopic and microscopic capabilities for the analysis of LSBs, some efforts were made in recent years to capture the evolution and dynamic changes in the SEI layer during battery cycling. 14,19−21 Nevertheless, none of the spectroscopic studies could capture the entire reaction suite and identify all constituents associated with SEI layer formation in LSBs. For example, element specific spectroscopic techniques such as nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR), and X-ray absorption spectroscopy (XAS) were able to provide only a fractional view of complex parasitic reactions by monitoring a single reactant and/or products. 20,22−28 Similarly, the in situ microscopic techniques such as transmission X-ray microscopy (TXM) 29, 30 and X-ray fluorescence microscopy 31 were employed to understand the spatial evolution of SEI layers but lack the critical chemical speciation. Despite various in situ efforts, the gap in knowledge that would provide a comprehensive understanding of SEI layer evolution at the Li-metal anode in LSBs remains and inhibits the design and formulation of optimal electrolytes. 32 To gain a comprehensive and molecular-level view of the parasitic reactions and subsequent SEI layer evolution, we have developed a first-of-its-kind in situ X-ray photoelectron spectroscopy (XPS) capability that can simultaneously provide spatially resolved chemical imaging as well as chemical speciation through high resolution core-level spectroscopy of critical elements. By combining in situ XPS results with ab initio molecular dynamics (AIMD) computational modeling, molecular level insight is realized regarding the distinct roles of transient species from parasitic reactions and the subsequent SEI layer evolution during cycling processes of LSBs.
■ EXPERIMENTAL DETAILS
The high vapor pressures of elemental sulfur (S 8 ) and aprotic electrolyte solvents such as 1,3-dioxolane (DOL) and dimethoxyethane (DME) are the central challenge in developing in situ XPS for Li−S batteries. To overcome this issue, we employed an ultrahigh vacuum (UHV) compatible ionic liquid (IL), 1-butyl-1-methylpyrrolidinium bis(trifloromethylsulfonyl)imide, i.e., [ 36, 37 A solution of 1 M Li 2 S 6 dissolved in a DOL and DME solvent mixture is prepared as reported earlier 38 (see the Supporting Information). Subsequently, 20 wt % of the Li 2 S 6 in DOL and DME solution is mixed with [bmpyr] + [TFSI] − and used as the final electrolyte system for the in situ study (see the Supporting Information). Apart from the vacuum compatibility, the specific choice of [TFSI] − counteranion containing IL is to ensure the electrolyte system represents the traditional Li− TFSI salt widely used in the Li−S battery studies. In addition, this electrolyte solution resembles the typical Li−S battery after the discharge cycle, where the lithium polysulfide (Li 2 S x ) species are expected to get dissolved in DOL/DME solvent. In this case, however, the volatile sulfur cathode is replaced with graphite foil and Li 2 S 6 dissolved in the electrolyte solvent mixture is used as a sulfur source by initiating the redox process via the charging cycle. A schematic of the in situ XPS sample holder is shown in Figure 1 . The Li-anode and graphite-cathode materials can be mounted on a Teflon base and subsequently connected with gold wires as an external electrical contact line to the electrochemical analyzer. The reservoir in between the anode and cathode is filled with an electrolyte mixture such that it covers half of the electrode surfaces. The cell is fully charged and discharged at 2.2 V for two consecutive cycles only due to the limited availability of active sulfur material. All measurements are performed on the Li-electrolyte interfacial region at the end of each charge/ discharge cycle to avoid the charge-induced XPS peak shifts (see the Supporting Information). The graphite cathode is fully covered by ionic liquid due to high surface wetting processes (see the Supporting Information).
XPS analysis was performed using a Kratos Axis Ultra DLD spectrometer, which consists of a high performance Al Kα monochromatic X-ray source (1486.6 eV) and a high resolution hemispherical mirror analyzer. The X-ray source was operated at 150 W, and emitted photoelectrons were collected at the analyzer entrance slit normal to sample surface. The data acquisition was carried out in a hybrid mode with an analysis area of 700 × 300 μm. The survey spectra were recorded at a pass energy of 160 eV with 0.5 eV step size, and high resolution spectra were recorded at a pass energy of 20 eV with step size of 0.1 eV. The pass energy of 20 eV in the 700 × 300 μm analysis area is referenced to the fwhm of 0.59 eV for Ag 3d 5/2 . A charge neutralizer with low energy electrons was used to exclude surface charging effects, and the binding energy of C 1s at 284.8 eV was used as the charge reference. The elemental and chemical state maps were acquired using the imaging XPS capability in the Kratos Axis Ultra system. The maps were collected in a field of view of 800 μm with a spatial resolution of ∼5 μm. The imaging XPS data were collected under a pass energy of 160 eV at each peak and background energy. The chamber pressure was maintained at ≤5 × 10 −9 Torr during all measurements. XPS data were analyzed using the CasaXPS software assuming Gaussian/Lorentzian (30% Lorentzian) line shapes and utilizing Shirley background correction. All the XPS binding energies reported here have an uncertainty of ±0.1 eV. The background subtraction and imaging data processing were accomplished using the CasaXPS software to obtain the elemental and chemical state XPS maps presented here.
Reaction energies for possible decomposition reactions of Li 2 S 6 at the Li-anode were calculated using Density Functional Theory (DFT) as implemented in the Gaussian 09 package 39 with a hybrid functional B3PW91 and the 6-311+G(3df,p) basis set. The polarizable continuum model (PCM) 40 was used for describing the DME solvation effects. After polysulfide and salt decompositions take place, several SEI products are formed. The analyses of these complexes (typically of the form: X-Li-species-Li-X) were performed on the basis of the resulting products after 20 ps of AIMD simulation of electrolyte mixtures consisting of 1 M LiTFSI in DOL/DME in contact with a Li metal surface as described in our previous study. 41 The Li-metal anode was modeled as a (100) Li crystallographic plane. In addition to the salt and solvent, the electrolyte also contained a 1 M Li 2 S 8 polysulfide species. Although the polysulfide used in these simulations is a longer chain than that used in the experiments, it is expected to yield almost the same final SEI components by the end of the decomposition process. The AIMD simulations were performed using the Vienna ab Initio Simulation Package (VASP). 42, 43 All the AIMD calculations were based on DFT within the Perdew−Burke−Ernzerhof generalized gradient approximation (GGA-PBE). 44 Although the electron transfer rates may be significantly underestimated using semilocal generalized gradient approximation functionals, the AIMD results provide good insights into the decomposition pathways and identification of products. The projector augmented wave (PAW) pseudopotentials 45, 46 were used. The energy cutoff of the plane-wave basis expansion was set to 400 eV. A NVT ensemble at 330 K was used with a time step of 1 fs and a Nose thermostat (see our previous study 41 for more details). Finally, the electronic charges were calculated by using the Bader charge analysis.
47−49

■ RESULTS AND DISCUSSION
In situ XPS and imaging XPS were carried out at the interfacial region between Li metal anode and IL/Li 2 S 6 electrolyte before and after the charge/discharge process (see the Supporting Information). The high resolution S 2p core level XPS spectra of Li metal anode before cycling and after each charge/ discharge cycle are shown in Figure 2 . The S 2p spectra is a doublet comprised of closely spaced spin−orbit components (ΔE = 1.16 eV; intensity ratio = 0.511) arising from 2p 3/2 and 2p 1/2 . Each sulfur compound shows the characteristic doublet, and only the high intensity 2p 3/2 will be discussed hereafter for simplicity (see the Supporting Information). The sulfone group (R−SO 2 −R) of the TFSI anion is observed at 169 eV along with broad sulfide peaks encompassing the 160−165 eV binding energy regime. 50, 51 In addition, a low intensity peak at 167. Table S1 ) during the cycling process, we can analyze the polysulfide shuttling process and subsequent parasitic reaction with the Li-anode, which is widely believed to be a major cause for capacity loss in LSBs batteries. Similarly, the S 2p peak ratio between the bridging and terminal sulfur, i.e., S B 0 /S T 1− of the polysulfide species, can be used as a qualitative indicator of polysulfide speciation (see the Supporting Information).
Before cycling, the polysulfide components (S T 1− and S B 0 ) are about 22 at. % of total sulfur and the S B 0 /S T 1− ratio is about 2.2 in accordance with our starting electrolyte mixture, which is predominantly Li 2 S 6 ( Figure 2d ). After the first charge cycle, the total amount of polysulfide components increased to ∼30 at. % whereas the lithium sulfide (S . Such an electrochemically driven process includes the Li + cations, which are part of lithium polysulfide species, and initiates the polysulfide shuttling process. A significant increase in polysulfide components after the charging cycle clearly indicates that the polysulfide shuttling process mainly depends on the Li−S interaction strength relative to Li−solvent and Li−TFSI interactions. Such a Li + driven shuttling process will lead to accumulation of polysulfide species and starts the fouling process at the Li-anode, which is followed through increased concentrations of polysulfide components in the XPS spectra after a charge cycle. Interestingly, the S B 0 /S T 1− ratio increases to ∼3 indicating that the parent Li 2 S 6 polysulfide species evolves into other types of polysulfide species during the fouling process, which will be discussed later.
During the discharge process, the Li-anode undergoes Listripping processes releasing Li + and electrons, which can reduce the accumulated long chain polysulfides to lithium sulfide (S 2− ). Evidently, the lithium sulfide (S 2− ) concentration is nearly doubled (∼10 at. %) after the first discharge cycle and further increases to 15 at. % of the total sulfur concentration during the second charge and discharge cycles. The significant increase in S 2− concentration during the discharge cycles indicates that the longer chain polysulfides accumulated at the Li-anode are being reduced to insoluble Li 2 S and subsequently become irreversible parts of the SEI layer during the first discharge cycle. 55 This Li 2 S formation covers the Li-anode surface and restricts further sulfide reduction during subsequent cycling processes as noted by the similar S 2− concentrations in the second charge and discharge cycles. Interestingly, the total amount of polysulfide components (S T 1− and S B 0 ) increases further to ∼50 at. % and eventually reaches a plateau value of ∼63 at. % during the second charge/discharge cycles (see Figure 2b ). It is expected that the polysulfide will shuttle back toward the cathode side during the discharge process based on the Li + flow direction. However, we observed continuous increases in polysulfide and Li 2 S concentration at the Li-anode leading to loss of active materials (i.e., scarcity of polysulfide solute in IL electrolyte) and subsequently causing cell failure and preventing further cycling studies. This finding indicates that the fouling process is mostly irreversible and the polysulfide is chemically interacting with the other components of the SEI layer. We postulate that various components of SEI layers can strongly interact with polysulfide solutes in the electrolyte and cause continuous fouling processes that are supported by the increase in polysulfide concentration during the cycling process (see Figure 2b ). This observation is in agreement with a previous AIMD analysis, which predicted the clustering of polysulfide chains near the Li 2 S layer as part of SEI formation.
11 Nevertheless, the cluster formation is favored for lower order polysulfide chains (Li 2 S x with x < 6), which would require lower S B 0 /S T 1− ratios (≤2). 38 In addition, recent reports suggest the formation of insoluble Li 2 S 2 from polysulfide reduction processes at the Li-anode. 56 The observed increase in terminal polysulfide (S T 1− ) peak intensity with cycling initially seems to support the presence of Li 2 S 2 species within the SEI layer (see Figure 2b) . However, any such Li 2 S 2 formation should significantly decrease the S B 0 /S T 1− and S 2− /S T 1− ratios. Conversely, we observed that these ratios increase with charge/ discharge cycles (see Figure 2c) , which strongly suggests that Li 2 S 2 is not the dominant sulfide phase in the SEI layer.
Interestingly, the S B 0 /S T 1− ratio of ∼4 is even higher than the possible longer polysulfide chain (i.e., Li 2 Theoretical studies have predicted the formation of elemental sulfur (S 8 ) as a product of dissociation of polysulfide anions (see Li−S batteries), 55 via the reaction
Nevertheless, our recent AIMD simulations predicted that longer polysulfide chains are reduced very rapidly near the Lianode. 11, 41 Thus, it is very unlikely to detect formation of neutral S 8 on the bare surface of the Li-metal electrode. Hence, we carried out new DFT simulations to provide more insight into the possible decomposition of the precursor Li 2 S 6 . The calculated Gibbs free energy in DME solvent reveals two possible reduction processes,
Our DFT results indicate that the reduction product of Li 2 S 5 is energetically favorable (eq 2) but represents a S B 0 /S T 1− ratio of 1.5. Despite its favorable formation energy (ΔG soln ), the Li 2 S 5 formation requires a higher concentration of Li 0 (i.e., prevalent access to Li-metal surface) relative to the LiS 5 formation process. This implies that, with restricted access to Li-metal, the reduction product of LiS 5 would be more probable (see eqs 2 and 3). ), which will result in a significant increase in the S B 0 /S T 1− ratio and S 2− concentration, agreeing with our observations (see Figure 2c) . However, the long-term stability of LiS 5 molecule within the SEI layer still needs to be evaluated further with other analytical techniques.
In addition to the polysulfide shuttling, the SEI layer formation would also depend on the TFSI anion decomposition process. The decomposition of TFSI anion can be simultaneously monitored by the evolution of sulfone and sulfite peaks observed in the higher binding energy regime (>166 eV) in the S 2p spectra (see Figure 2a) . Before cycling, the sulfone peak from TFSI species represents ∼63 at. % of total sulfur concentration on the Li-anode. During the first charge and discharge cycles, the amount of sulfone species drops to ∼53 and 27 at. %, respectively. Subsequently, after the second charge and discharge cycles, it drops to about 20 at. %, relative to sulfide and polysulfide concentrations (see Figure  2c) . Such a significant drop in the pristine TFSI anion concentration on the Li-anode indicates two possible mechanisms: (a) a set of redox reactions altering the sulfone group as part of TFSI decomposition; (b) displacement of some TFSI molecules by polysulfide species at the Li-anode surface due to the SEI layer formation process within the XPS analysis volume. Recently, Cui and co-workers suggested that the sulfone group of TFSI anion can undergo oxidation processes at the Li-anode and produce sulfite (SO 3 2− ) and sulfate (SO 4 2− ) species based on XPS analysis. 56 However, they did not considered the sulfur spin−orbit based doublet in their peak deconvolution, and the reported (SO 4 2− ) species peak (∼170 eV) falls within the S 2p 1/2 component of the sulfone group of a pristine TFSI molecule. Our results do not show the presence of any sulfate but only the sulfite (SO 3 2− ) species, which shows minimal changes during the cycling process (∼4 at. %) and fails to account for the significant drop in pristine TFSI concentration (see Figure 2c) . Decomposition of the sulfone group and formation of Li 2 S 2 O 4 and Li 2 SO 3 were proposed in the literature, and this mechanism can explain the low intensity sulfite peak (∼10 at. %) observed at ∼167 eV during the cycling process. 58, 59 The other possibility would be the reduction of the sulfone group of the TFSI molecule to sulfur (S 0 ), which will fall in the sulfide regime of the XPS spectra and thereby increase the S B 0 concentration as observed in a higher S B 0 /S T 1− ratio. However, unless the sulfone group of a TFSI anion undergoes multielectron reduction (from S 6+ to S 0 ) at the Li-metal anode, the decomposed products are expected to be at higher binding energy (>166 eV) similar to the sulfite/thiosulfate or sulfone regions. Since multielectron reduction is less likely, we do not expect a significant increase in S 0 due to this mechanism. The second scenario would be displacement of TFSI anions by the polysulfide fouling process discussed earlier. Typically, the TFSI anion can interact with the counterion from the IL (i.e., [ + −TFSI − ion pairing. However, it should be noted that the Li 2 S passivation layer is unlikely to be uniform and the TFSI anion will compete for interactions with the exposed Li-anode surfaces (vide infra) and cause the TFSI decomposition process. The TFSI anion decomposition is a cascade process with many transient species including sulfone and fluoride groups, which can subsequently interact with lithium polysulfide molecules and the Li-anode. 41 This process supports our previous discussion regarding the polysulfide species interacting with other components of the SEI layer and causing continuous fouling processes on the Li-anode. This clustering process will be further justified a posteriori below using other elemental analysis.
Chemistry of Materials
The TFSI anion decomposition process at the Li-anode can be followed through O 1s and F 1s spectra for deeper understanding of the SEI layer formation. The O 1s spectra is dominated by a broad peak centered around 532 eV, which can be assigned to C−O bonds within DOL/DME (electrolyte solvents) as well as lithium carbonate (Li-metal surface impurity) owing to their small chemical shift differences (see Figure 3a) . 58, 60 Deconvolution of the broad O 1s spectra revealed shoulder peaks at ∼532.6 and 530.6 eV indicating the S−O bonds (sulfone and sulfite) and lithium hydroxide (Limetal surface impurity), respectively. 60 There is no significant change in the concentration of these oxygen species during the cycling process. We also observe a low intensity (∼3 at. %) peak at 528.5 eV with the cycling process indicating lithium oxide (Li 2 O) formation at the Li-anode as a result of TFSI decomposition. Although, the decomposition of the sulfone group can cause Li 2 O formation, 41 the presence of carbonate and hydroxide native impurities at the Li-anode surface (see Figure S4 ) can also lead to lithium oxide. The main product of TFSI decomposition would be lithium fluoride (LiF) formation from C−F bond breaking at the Li-anode. 41 Such a decomposition process can be analyzed through F 1s spectra (see Figure 3b) . The F 1s spectra show a dominant TFSI anion peak (CF 3 ) at 688.8 eV along with a low intensity Li−F related species peak around 685 eV. 50, 58, 60 The Li−F related species formation even before the cycling process demonstrates the instability of TFSI anions on the Li-metal anode. The concentration of Li−F species is about 11 at. % of total fluorine before cycling and increases to 15 at. % following the first charging cycle (see Table S2 ). During the subsequent discharge cycle, the amount of this Li−F based species more than doubles to ∼33 at. % (see Figure 3c) . Such a substantial increase in the amount of Li−F species must correlate to accelerated decomposition of the TFSI anion during the discharge process. This peak at ∼685 eV in the F 1s spectra is widely reported as evidence of LiF formation. 61−64 In addition, a new shoulder peak (∼687.5 eV) arises near the parent CF 3 peak following the charge/discharge process, which is traditionally assigned to C−F intermediate species as part of TFSI decomposition. 41, 65 However, such a simplified peak assignment can hinder deeper understanding of the SEI layer evolution. To clearly identify the possible fluoride species within the SEI layer, we analyzed various components of TFSI decomposition products predicted by our previous AIMD simulations 41 (see Figures S5−S7 ). Since the charge state of an atomic site dictates the binding energy of XPS spectra, we analyzed the average electronic charges of the F atom for various decomposition products and relevant fluoride atomic arrangements along with their average charge as shown in Figure 3d . These fluorine containing species generally fall in two categories based on the charge at the F atom. The first category is fluorine directly bonding to Li where the F atom takes the highest negative charge (ionic bonding), and the second is fluorine directly bonding with C atoms in which a much lower negative charge is observed (covalent bonding). The F−C−S bond (when part of an otherwise pristine TFSI molecule) holds the lowest charge (−0.61 eV) and is expected produce a signal at high binding energy (688.8 eV) in the F 1s spectra. The C−F bonding interaction, which may correspond to the different intermediates (radical and anions) formed during the TFSI decomposition such as CF, CF 2 , and CF 3 , holds slightly elevated charge (−0.67 eV) at the F atom and is observed as a shoulder peak at ∼688 eV. However, it should be noted that the CF 3 − remaining intact after the C−S bond cleavage during TFSI decomposition has a longer life span and is more likely to represent the shoulder peak observed under cycling conditions. 41 Similarly, the lower binding energy (∼685 eV) peak represents various species involving Li−F ionic bonding, such as F−Li−S, F−Li−O, and the traditional LiF phase. At the end of the initial charge cycle, the C−F species remains at very low concentration (∼1 at. %) relative to total fluorine concentration but increases to 9 at. % following the first discharge cycle. This suggests further decomposition of TFSI anion at the fully discharged state, which is typically initiated by C−S bond cleavage and subsequent breaking of the CF 3 bond to C−F and F − species and the formation of Li−F related species. 41 The decomposition of TFSI anion continued during the second charging cycle resulting in 33% and 11% increases in Li−F and C−F species, respectively, relative to the fully discharged anode. However, both Li−F and C−F species reached a plateau after the second discharge cycle, which resembles the saturation of the polysulfide fouling process (see Figure 2b) . A similar trend observed for both TFSI decomposition and the polysulfide fouling process in the SEI layer evolution supports our previous deduction that the polysulfide molecules interact with various components of the SEI layer including the TFSI decomposition products. Our previous in situ NMR and AIMD computational analysis have unveiled the presence of sulfide based transient radicals and reactive fluoride anions at the Li-anode participating in the SEI layer formation process. 28, 41 During the cycling process, the redox based parasitic reactions can cause highly reactive transient species (such as sulfide radicals and fluoride anions) that can initiate clustering of nearby electrolyte components through polymerization and subsequently leads to precipitation-induced SEI layer formation on the Li-anode. 66 Although the high resolution in situ XPS analysis revealed the evolution of polysulfide and Li−F species as the major components, the growth mechanism of SEI layer formation is still elusive, mainly due to extreme complexity involving parasitic reaction rate, Lianode surface chemistry, and the concentration gradient of solutes. In particular, the concentration gradient of solutes at the interfacial regime can dictate the composition of the cluster and subsequent SEI layer nucleation and growth phenomena. 67 We also employed XPS spectromicroscopy to analyze the underlying growth mechanism of the SEI layer, which can provide realistic views of concentration gradients in the spatial domain.
68,69 Figure 4 shows a two-dimensional chemical imaging performed at the same spot on the Li-anode after the first charge/discharge process (see the Supporting Information). The interfacial region (800 × 800 μm) is scanned at 685 eV (F 1s; Li−F species) and 163.3 eV (S 2p; S B 0 ) binding energies to monitor the TFSI anion and polysulfide gradient with a spatial resolution of about 5 μm. The contour mapping of chemical imaging clearly shows the clustering of reactive solutes, polysulfide (blue) and Li−F related species (red), within the top layers of the anode− electrolyte interfacial region, which can subsequently precipitate as an SEI layer (Figure 4a,b) . Since the XPS imaging is typically dominated by the concentration gradient of the top layer (<5 nm) within the interfacial regime, the delimited white background represents SEI layers adjacent to the Li-anode surface with relatively lower concentration of polysulfide and LiF. It should be noted that the discharge cycle has a higher concentration of polysulfide and Li−F species than that during the charge cycle. The rise in polysulfide concentration after the discharge cycle simply reflects the expected polysulfide shuttling toward the Li-anode. Such clustering of polysulfide at the interfacial region can facilitate Li 2 S precipitation as a SEI layer due to possible reduction reactions (see eqs 2 and 3). Similarly, the clustering of Li−F species can cause precipitation of lithium fluoride (LiF) phases within the SEI layer. The presence of well separated clusters of polysulfide (blue) and Li−F (red) represents the nucleation seeds for Li 2 S and LiF phases and evolves as a dominant part of SEI layer evolution. Intriguingly, the total Li−F species increases along with polysulfide from the shuttling process during the discharge cycle, indicating that the F − anion from TFSI decomposition interacts with lithium polysulfide (see Figure.4b ). The overlapped signal (black) in the imaging map indicates a possible cross-interaction between F − anion and lithium polysulfides. This corroborates our a priori assumption that the reactive transient species involving polysulfide and fluoride anion can chemically interact and initiate clustering with various electrolyte components. For example, AIMD computational results predicted multiple types of Li−F species involving various electrolyte components (see Figure 4c and the Supporting Information), which could also be part of clustering phenomena that can initiate the precipitation as part of the SEI layer.
Combining high resolution XPS and chemical imaging analysis with AIMD computational modeling results, we can begin unravelling the SEI layer growth mechanism. The SEI layer is commonly viewed as a multiphase material with chemically distinctive phases (such as LiF, Li 2 S, Li 2 O, and Li 2 CO 3 ) separated by well-defined boundaries 16 (see Figure  4c ). In fact, clearly distinguishable clustering of polysulfide (blue) and Li−F (red) species supports this multiphase structural view of the SEI layer. However, significant overlapping of polysulfide and Li−F regions (black) reveals the presence of a matrix type SEI layer with continuous phases and diffuse boundaries between the various sulfide and fluoride based regimes (see Figure 4d) . The simultaneous multiphase and continuous phase SEI layer formation can be explained by the Stranski−Krastanov (SK) growth model developed for thin film nucleation processes. 67 On the basis of this growth model, the SEI layer formation can be viewed as a two-step process where (a) the products of parasitic reactions at the Li-anode surface result in multiphase layers (such as Li 2 S, Li 2 O, and LiF) and (b) clustering of transient species from parasitic reactions, by strongly interacting with the electrolyte and other SEI components, leads to a matrix type precipitation. During the evolution of the first step, the parasitic products need to be adjacent to the Li-anode surface to gain expedited access to preferably unbound Li + ions that can facilitate an extended network of Li 2 S and LiF solid multiphase layers. For example, clustering of polysulfide as part of the shuttling process on the Li-anode can cause the nucleation of Li 2 S phases by accessing the Li stripping process during discharge cycles. With growth to critical thickness, this insoluble multiphase layer can significantly inhibit the access to unbound Li + from the Li-anode and thereby activate the second stage of the SEI layer growth. With restricted access to the Li-metal surface and scarcity of unbound Li + ions, the parasitic reaction products will react with each other as well as with adjacent electrolyte components to initiate nucleation directly on the multiphase layer and produce a matrix type phase with diffused boundaries. In particular, the restricted access to Li-metal can cause partial polysulfide reduction processes (eq 3) leading to a monoanionic polysulfide (LiS 5 ) as a major component of the secondary layer that results in a high S B 0 /S T 1− ratio (≥3). This secondary SEI layer mainly consists of aggregated polysulfides and oligomeric reactive products and is comparable to the organic phase layer comprised of polymerized solvents reported in lithium-ion batteries. 13, 59, 66 Nevertheless, the major difference is that it involves polysulfides as a main component and also serves as absorbent layer for the shuttling polysulfides, which leads to an exponential increase in polysulfides after the first charge/discharge cycle in high resolution in situ XPS (see Figure 2b ). In addition, the adsorbed polysulfides can undergo association and disproportionation reactions causing oligomeric aggregates on top of the SEI layer, which are evident from the clustering of polysulfides detected via in situ imaging XPS analysis (see Figure 4b) . 38 Unlike the primary multiphase layer containing inorganic solid phases, the constituents of the second stage matrix type layer could be relatively soluble and hence subsequent polysulfide fouling will be a dynamic process depending on electrolyte composition and cycling current rate. In short, the oligomeric aggregation of polysulfides on the SEI layer entraps the active material on the Li-anode and manifests as the severe capacity fading that is widely reported in the Li−S battery literature. To this end, our study suggests that effective Li-metal protection requires careful design of protective scaffolds, which not only prevent the inorganic multiphase primary layer but also inhibit the polysulfide fouling process.
■ CONCLUSIONS
In summary, in situ XPS and computational modeling studies were carried out on a model Li−S battery system to understand the growth mechanism of the SEI layer on the Li-anode. The XPS core level spectra of S 2p showed a gradual increase of sulfide dianion (S 2− ) indicating the formation of insoluble and electronically insulating Li 2 S due to polysulfide reduction processes. Similarly, the F 1s spectra showed a significant increase in Li−F and C−F species with a decrease in CF 3 (associated with pristine TFSI anion) indicating its decomposition in the proximity of the Li-anode. Evolution of both Li 2 S and Li−F species with cycling causes the precipitation of an inorganic multiphase layer as the primary SEI component. A simultaneous exponential increase of polysulfide species (S 0 and S 1− ) suggests a continuous fouling process on the Li-anode during both charge and discharge cycles. The high S B 0 /S T 1− ratio (>3) observed for the polysulfide species involved in this fouling process indicates the formation of monoanionic polysulfide (i.e., LiS 5 ) due to restricted access to Li-metal during the sulfide reduction process. With access to the Limetal surface becoming restricted, the parasitic reaction products (fluoride and sulfide anions) will engage in crossinteraction with adjacent electrolyte components and nucleate into a secondary matrix type SEI layer, which is visualized as clustering in XPS imaging and supported by AIMD analysis. The continuous increase in polysulfide concentration at the Lianode interface also suggests a facilitated fouling process due to its absorption on a matrix type SEI layer. Chemical entrapment of the dissolved polysulfides at the top of the matrix type layer on the Li-anode causes the fouling and subsequent continuous loss of active material, leading to the severe capacity fading widely observed in Li−S battery technologies. Ultimately, controlling the role of SEI layer in Li−S batteries will require a multifunctional scaffold design, which can deflect the shuttling polysulfide as well as inhibit the electrolyte decomposition on Li-anode surfaces.
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